Hybrid promoter constructs were used to determine the DNA sequence requirements for stringent and growth rate control within a promoter region. The promoters were obtained by fusing complementing sequence regions located upstream and downstream from the GCGC discriminator motif of the growth rate regulated rRNA P1 promoter and a non-regulated tac promoter variant. The activities and the regulatory response of the hybrid promoters were determined In vivo using a promoter test vector system with the chloramphenlcol acetyltransferase (CAT) reporter gene. Measurements were made at different growth rates and after starvation for isoleucine to induce the stringent response. Neither the upstream nor the downstream sequence of P1 relative to the GCGC discriminator motif conferred comparable regulatory features when fused to the complementing sequences of the non-regulated mutant tac promoter. A minor response to amlno acid deprivation or changes in the growth rate was noted for the hybrid promoter with the rrnB P1 upstream segment and the tac downstream element, pointing to a slightly different importance of the two sequence elements for regulation. The parallel effects for stringent as well as growth rate regulation of the hybrid promoters supports the view of a common mechanism for both types of control. However, none of the promoter sequence elements on its own was able to restore the complete regulatory behaviour of their 'parent' promoters.
INTRODUCTION
The synthesis of bacterial ribosomal RNA (rRNA) and transfer RNA (tRNA) is controlled by two regulatory networks: Stringent control and growth rate dependent regulation. Stringent control denotes the rapid decline of transcription of rRNA and tRNA upon deprivation of essential amino acids. Growth rate regulation relates to the observation that the synthesis of stable RNAs in exponentially growing bacteria is not constant but roughly proportional to the square of the growth rate, and thereby adapted to the demand required for protein biosynthesis (1). An increasing body of evidence points to a scenario where both regulatory phenomena are based on the same molecular mechanism with guanosine tetraphosphate (ppGpp) being the effector molecule (2,3,4). DNA sequence determinants for both stringent response and growth rate regulation are clearly linked to the promoter regions of the various regulated genes. In the case of the rrnB PI, the leuV and the tyrT promoters the target sequences necessary for regulation was found to be restricted to a region between position -50 and the transcription start site (5, 6, 7) . A so-called discriminator motif with the primary sequence GCGCcNc, located downstream of the -10 promoter region in close proximity to the transcription initiation site was identified by comparison of various stable RNA (tRNA and rRNA) promoter sequences (8, 9) . In the case of the tyrT promoter, the partial substitution of this discriminator element by four A/T base pairs led to the disruption of both stringent sensitivity and growth rate regulation for this gene product (10, 11) . In the case of the tufB operon, alterations in the GC-rich discriminator motif disrupted the sensitivity to ppGpp in vitro (12) . Further support for the importance of this sequence element came from recently published experiments where the consensus motif was introduced into the non-regulated rrnB P2 promoter by an A to G transition at position -6 relative to the transcription start site (4). The mutation conferred both growth rate and stringent regulation. However, the same discriminator sequence linked to the tac promoter sequence (tacM) did not convert this promoter to either stringency or growth rate regulation (4) . This clearly demonstrated that additional structural features of stable RNA promoters located either downstream or upstream from the GCGC-sequence are necessary for both types of regulation. To localize these additional elements we constructed fusion promoter sequences between downstream and upstream regions from the growth rate regulated rrnB PI promoter and the corresponding elements of the non-regulated tacM promoter. In vivo analysis of the fusion promoters clearly indicate that neither the GCGC motif nor upstream or downstream sequences alone are sufficient for a complete regulation comparable to the rrnB PI promoter.
METHODS

Strains and media
All bacterial strains used in this study were E. coli K12 derivatives. CP 78 (13), CF 943-946 and CF 898 have been described (14) . The different media were derived from MOPS medium (15) and were substituted with various carbon sources (succinate 0.2% (w/v), acetate 0.2% (w/v), glycerol 0.2% (v/v) or glucose 0.2% (w/v)) as well as casaminoacid concentrations between 0.05%-and 1% (w/v). Medium SR was MOPS containing 0.2% (w/v) glucose and 40 mg/ml of all amino acids except for valine and isoleucine. Medium S was MOPS supplemented with 0.2% (w/v) glucose and 0.2% (w/v) casaminoacids. The phosphate concentration was always 5 mM. Cell cultures of transformants containing plasmids with the tac promoter derivatives PtacW, PtacM or P1TM (see next section) were supplemented with 2 mM IPTG to ensure full induction of transcription from these promoters.
Plasmids
The plasmids pPtacW, pPtacM, pPl, pP2, pP2F are described in (4) . They are derivatives of the promoter test vector pKK232-8 with a multicloning site and the CAT reporter gene (16) . Corresponding to the above order the constructs contain the tac promoter (pPtacW), a modified tac promoter (pPtacM) with the GCGC discriminator motif, the rrnB PI promoter (pPl), the rmB P2 promoter (pP2) and the P2F promoter (a rrnB P2 promoter containing the GCGC sequence (pP2F)). Plasmids pTMPl and pPlTM are constructs with downstream and upstream sequences relative to the discriminator motif from rrnB PI and PtacM. Plasmids pPl containing the rrnB PI promoter sequence as a BamHI/SacI restriction fragment (4) and pPtacMk served as 'parent' plasmids for the construction of the fusion promoters. Plasmid pPtacMk is a derivative of pPtacM with die tacM promoter on a 268 bp BamM/Hindm insert instead of the 376 bp Sau3A fragment in pPtacM (4) . The fact that the GCGC discriminator motif is recognized by HinpHI was used to generate and combine downstream and upstream sequences relative to the GCGC sequence from the rmB PI and tacM promoters. Details of the construction are given in the legend to Figure 1 .
The promoter with the upstream rrnB PI and downstream tacM sequences was designated P1TM. TMP1 refers to the construct containing the upstream tacM and downstream rrnB PI regions. It should be noted that the 16 bp spacing between the -10 and -35 regions was not affected in any of the fusion promoters. The final base sequences of the fusion promoters were verified by DNA sequencing of the corresponding fragments according to (17) . Figure 2 details all primary sequences of the different promoter constructs that were used in this study.
Assay for chloramphenicol acetyhransferase (CAT) Cells were lysed according to Zacharias and Wagner, 1989 (18) and the CAT-activity was determined as the rate of chloramphenicol acetylation according to (19) from non-reacted material on silica gel thin-layer plates. The synthesis rate is given as nmoles acetylated chloramphenicol synthesized per minute and normalized to a cell density equivalent to /3-Lactamase (BLA) activity measurements The activity of /3-lactamase was measured according to the procedure by Lupski et al., 1984 (20) . 1 BLA unit is defined as the decrease in optical density at 255 nm per minute of a O.lmM cephalosporine solution. Data were finally normalized to a cell density equivalent to lODgoo.
CAT and BLA messenger RNA determination 10ml cells grown to an optical density between 0.3 and O.SODgoo were suspended in a mixture of 7.5ml ethanol, 2ml 3M NaOAc and 0.5ml phenol (cooled to -70°C). After centrifugation at 12000 g for 10 minutes the cells were resuspended in 0.5 ml lysozyme solution (5mg/ml) at 0°C. After 2 minutes 50/tl of 10% SDS and 0.5ml phenol were added. The mixture was heated for 2 minutes at 65 °C. After centrifugation the aqueous phase was collected and nucleic acids were precipitated with ethanol. Up to 20/ig of the isolated nucleic acids were directly analyzed by Northern blot analysis (21), with either CAT or BLA gene fragments as hybridization probes. The probes were labeled with [ 32 P] by the random primer method according to (22) . The amounts of CAT and BLA mRNA were assayed by determining the radioactivity in the CAT or BLA labeled bands. 
RESULTS
Promoter activity of the fusion constructs at different growth rates
The transcriptional activities of the various promoter constructs were measured in vivo utilizing a system that directly correlates the enzyme activity of the CAT gene product to the promoter sequence located upstream of the cistron. Enzyme determinations of the non-regulated BLA gene (23) encoded on the same plasmid served as an internal standard to correct for possible differences in plasmid copy number.
The growth rate dependent expression of CAT enzyme directed by the various promoter constructs was measured using E. coli strains CF943-946 (14) transformed with plasmids pPl, pPtacW, pPlTM and pTMPl. These bacteria are characterized by different mutations in the coding region of the spoT gene which is necessary for the degradation of guanosine tetraphosphate. As a consequence, the intracellular ppGpp level in each strain is different and the cells grow at defined but different rates in the same medium. This fact was used to test the growth rate dependence of the fusion promoter constructs, thereby excluding possible effects due to different culture media.
CAT and BLA activities were determined from bacterial cultures grown in medium S (see Materials and Methods) to an optical density (OD^oo) of 0.3 to 0.4. All enzyme determinations were performed with bacteria diluted several times into fresh and prewarmed (37°C) media to ensure logarithmic growth.
The fusion promoter plasmid pTMPl differs from the clone pPl only in the region upstream from the transcription start site and the same holds true for pPtacW and pPlTM. Since in both cases the two constructs produce identical mRNA molecules the differences in the CAT/BLA ratios directly reflect differences in the promoter activity. The corresponding CAT mRNAs of the constructs pPlTM and pTMPl differ by about 50 bases at the 5'-end. Therefore, in this case one cannot exclude possible effects due to different mRNA stabilities. However in a paralell study using the same test vector the same growth rate dependence was noted when enzyme activities or mRNA levels were measured (24) .
The CAT/BLA ratios of the various transformants as a function of their growth rate is shown in Figure 3 . For a better comparison, the ratio at the highest growth rate was set always to 1.0 and activities at lower growth rates were normalized accordingly. Note, at the highest growth rate the TMP1 promoter has a 2 times higher CAT/BLA activity than the rmB PI promoter. Whereas the activity of P1TM (with the downstream tacM region) is lower than the activity of PtacW by a factor of 2. Promoter construct TMP1 showed no strong qualitative difference to the non-regulated PtacW promoter. Indeed, only a very weak growth rate dependence of its activity was found. Figure 4 . Growth rate dependence of the promoter activity. The diagrams represent the variation of the CAT/BLA ratio of E.coU CP78 cells transformed with the different plasmids upon growth rate. The CAT/BLA ratio at the highest growth rate was set to 1.0 and the ratios at lower growth rates were normalized accordingly. Error bars indicate the standard deviation from a minimum of three independent determinations.
The promoter P1TM clearly specified a growth rate dependent variation of the CAT/BLA ratio when compared to PtacW although to a much lesser extend than clone pPl. In addition, the growth rate dependence of the fusion promoters was measured using E.coU CP78 transformants grown in different media. The results outlined in Figure 4 confirmed the data obtained with the spoT transformants. Again, the promoter P1TM showed a slight increase in the CAT7BLA activity with increasing growth rate. Almost no growth rate dependence was visible for the fusion construct TMP1. The slope of the linear regression lines (M) as shown in Figures  3 and 4 can be introduced as a quantitative measure of the growth rate dependent promoter activity. M values for the different promoter constructs are summarized in Table 1 . Increasing values of M correspond to an increased growth rate dependence. The values for the promoters P2, P2F, PtacM studied in Zacharias et al., 1989 (4) are given for comparison.
Stringent response of the fusion promoters E. coli CP78 cells transformed with the plasmids pPl, pPtacW, pPtacMk, pP2, pP2F and the fusion constructs were grown in medium SR to an optical density (OD^) of 0.4 and subsequently starved for isoleucine by the addition of valine (0.5 mg/ml). Because amino acid starvation abolishes translation intracellular CAT and BLA mRNA levels and not the enzyme activities were determined by Northern analysis directly before and 15 minutes after onset of starvation. The BLA expression known not to be stringent sensitive (10) was determined to compensate for extraction efficiencies and copy number differences. Again, the CAT/BLA mRNA ratio is a corrected measure of the relative promoter activity. The constructs with the rmB PI and the P2F promoters served as positive controls (known to be stringent sensitive (4)) whilst the derivatives pPtacW, pPtacMk and pP2 were used as negative controls. Figure  5 shows mat the activity of the fusion promoter TMP1 is clearly not under stringent control. The change of the CAT/BLA ratio of clone pPlTM can be interpreted as a weak stringent sensitivity when compared to either promoters PI or P2F.
DISCUSSION
Two results from this study support the notion that both growth rate and stringent control are governed by the same molecular mechanism. Firstly, promoter P1TM which is weakly growth rate regulated is also weakly stringent regulated. The greatly reduced growth rate dependence of TMP1 parallels a nonsensitive behaviour with respect to amino acid starvation. Secondly, as a consequence of the finding that the entire promoter structure is decisive for the regulation of stable RNA synthesis, RNA polymerase seems to be the ultimate target molecule with ppGpp functioning as an effector substance. This is in direct support of the RNA polymerase partition model (25, 26) according to which two different interconvertible RNA polymerase populations exist in the cell, one being competent for the transcription of stable RNA genes, the other not. The effector molecule for the interconversion seems to be ppGpp. According to recent results, the co factor may also be involved, since it was shown that RNA polymerase responded to ppGpp mediated alterations of promoter selectivity in vitro only when associated to the w factor (27) . The two different RNA polymerase species (with or without bound ppGpp) may recognize subtly different promoter structures. In the case of a small repressor protein as a feedback regulator molecule one would expect a defined and limited DNA sequence as target region.
The activity of the fusion promoter constructs P1TM and TMP1 differs from their 'parent' promoters rmB PI and PtacM both in a qualitative and quantitative manner. The CAT/BLA activity of TMP1 at the higest growth rate is greater by a factor of 2 than the corresponding ratio of promoter rrnB PI (note that both promoters produce the same CAT mRNA molecule). In contrast to rrnB PI, TMP1 contains a canonical -35 sequence which could be the reason for its increased activity. Similar results were obtained by Dickson et al., 1989 (28) who found that a point mutation introducing a canonical -35 region into rrnB PI led to an increased promoter activity. In line with this result the decrease of the CAT/BLA ratio of construct P1TM as compared to PtacW (with the same coding region) can be attributed to the substitution of a consensus -35 region (in PtacW) by the noncanonical sequence from rrnB PI. Stable RNA promoters are generally characterized by noncanonical -35 regions. Therefore, it is possible that this motif in TMP1 is incompatible with stringent or growth rate regulation, which in turn would explain why construct TMP1 specifies a growth rate independent activity. On the other hand, fusion promoter P1TM which has a GCGC sequence and lacks a consensus -35 region, also does not clearly confer growth rate and stringent control. This demonstrates that the recognition principle must be more complex and goes beyond these two requirements.
Clearly our results indicate that neither the GCGC discriminator motif nor downstream or upstream sequences from rmB PI alone were sufficient to achieve growth rate or stringent regulation in a comparable manner to rmB PI. The growth rate was varied in two ways: either by growing transformed CP78 cells in different media or by measuring the activity of the plasmid constructs in different spoTmutant strains. Similar results were obtained, independent of the experimental design of the growth rate variation.
The fact that the fusion derivative P1TM showed a stronger growth rate dependence when compared to construct TMP1 points to a slightly greater importance for sequences upstream of the GCGC motif for growth rate regulation than downstream regions. This result is in good agreement with experimental data from Dickson et al., 1989 (28) . The authors identified several point mutations in the spacer sequence between the -35 and -10 regions in the rrnB PI promoter sequence which disrupted growth rate control.
We have shown previously that a point mutation introducing the GCGC discriminator motif into the rrnB P2 promoter changed the promoter to both growth rate and stringent sensitivity (4). The rrnB P2 sequence has a much weaker homology to the rrnB PI promoter than for example the fusion promoter P1TM. Despite the reduced sequence homology, the P2F promoter showed a stronger functional homology to the rrnB PI with respect to its regulative behaviour. This is suggestive of a situation where the regulatory properties specified by a promoter may also be determined by the higher order structure of the entire promoter motif.
